HDV RNA can also fold as an unbranched, double-stranded, rod-like structure with over 70% intra-molecular base-pairing. 
Since the identification of HDV in the 1970s, this peculiar pathogen has been neglected over the past decades, 5, 6 and routine diagnosis is rare in clinical practice. 7 However, co-infection of HDV with HBV causes the most severe form of acute and chronic viral hepatitis in humans. 1 It has been estimated that almost 5% of HBV infected patients have HDV co-infection and up to 80% of these coinfected patients can further progress to cirrhosis. 8, 9 This long-term co-infection is associated with more rapid and severe progression to cirrhosis or hepatocellular carcinoma (HCC) than HBV infection alone. 7 Worse yet, clustered outbreaks of HDV superinfection periodically occur across the world, imposing an emerging global health burden. 1, 7 As a single-stranded RNA, HDV is expected to evolve rapidly.
Previous studies have indicated that HDV genotype plays an important role in pathogenesis and the efficiency of RNA editing can affect its natural history. 10 However, the genetic features of HDV remain poorly characterized, and the current molecular classification systems are inconsistent. 11, 12 Given that the epidemiology, virus evolution, infection course, clinical outcome and treatment response are likely associated with the different genotypes or subtypes, we aim to clarify the molecular classification of HDV and to propose standardized reference genomes.
| MATERIAL S AND ME THODS

| Sequence download
All HDV full-length genome sequences available before 1 December 2017 were downloaded from NCBI Nucleotide Database. "Hepatitis delta virus" [Organism] NOT "patent" [title] was used as the search term, and the search results were filtered by sequence length from 1500 to 2000 nt. 357 full-length sequences were retrieved from the search records but the final dataset comprised 345 sequences after removing duplication. Information on accession number-strain/ isolate-collection date-country/geographic origin, if available, was simultaneously retrieved from the database.
| Sequence alignment and recombinants identification
The original dataset was aligned by ClustalW (1.6) listed in the MEGA (version 7.0.26) using a gap-opening penalty (GOP) of 15 and a gap extension penalty (GEP) of 6.66. [13] [14] [15] RNA sequences were standardized to antigenomic cRNA form reading from normal initial site.
The standardized dataset was realigned with woodchuck hepatitis B virus (WHV, accession number J04514, WHV8 strain) 16 by ClustalW and went through minimum manual corrections. The well-aligned dataset was used to construct the preliminary phylogenetic tree using different algorithm models listed in MEGA. Strains emerged as outlier branches or clustered as peculiar branches located at the crotch of different trees indicating the presence of recombinant sequences. These strains presenting the conflicting signals were regarded as potential recombinants and require further recombination identification. Recombination events were confirmed by Bootscanning analysis performed in Simplot v3.5.1 programs using Kimura 2-parameter with a 160 base pair (bp) window, a 20 bp step increment, and 1000 bootstrap replicates. The recombination criterion is breakpoint high than >80% of the permuted tree.
| Phylogenetic and genetic analyses
The new dataset without potential recombinants was realigned.
Model Selection (ML) implemented in MEGA was used to find the best DNA/protein model. Table S1 .
| Phylogenetic analysis and updated molecular classification
After removing the recombinant sequences, the phylogenetic trees were constructed using two different models, ML and NJ. The tree topologies obtained with the two models were similar. The ML tree was shown in Figure 1 and the NJ tree was shown in Figure S3 . In our rooted trees, 312 full-length strains were clustered as three big clades and further clearly grouped as eight small solid clades with 100% bootstrap value support. These eight clades were corresponding to eight genotypes, and in line with the classification previously descripted. 12 Notably, genotype 2 and genotypes 4-8 were consistently clustered as one big clade, and genotype 3 was located more close to the root of the trees.
As shown in the trees, eight genotypes were respectively further grouped into two (a, b) or three (a-c) subtypes (Figures 1 and
Phylogenetic analysis of 312 hepatitis delta virus (HDV) full-length antigenomic RNA (cRNA) sequences. The maximum-likelihood (ML) tree of eight HDV genotypes with subtypes showing the overall classification framework. All original HDV full-length genomic RNA sequences were transformed to cRNA sequences and standardized to read from 1 to 1678. The tree was reconstructed using the best DNA model, General Time Reversible (GTR) model of evolution with 5 rate categories (G) and invariable sites (I). Potential recombinants were excluded from the tree. Branch support was calculated using 1000 replications, and only bootstrap values >70% are shown.
The tree was rooted with woodchuck hepatitis B virus (WHV) S3). Genotype 3 and 6 were segregated into three subtypes, and genotype 1, 2, 4, 5, 7 and 8 were only grouped into two subtypes.
Referring to the nomenclature used for HCV, 21 capital in the nomenclature of HDV subtypes was used to indicate the unconfirmed status due to the available sequences less than three. Furthermore, we performed the same phylogenetic analysis using subgenomic HDAg coding gene fragment (600 nt) and the corresponding amino acid sequences. However, though some genotypes could be classified faithfully by using subgenomic fragment or HDAg amino acid, the classification of many other genotypes and subtypes were variable ( Figure S4A ,B). 
| Diversity of HDV genotype distribution
The global distribution of HDV genotype varies geographically 
| Proposed criteria for identifying novel HDV genotype or subtype
Based on our phylogenetic and genetic analysis, we hereby pro- Firstly, only full-length genome sequences were considered, and subgenomic fragments or potential full-length recombinants were eliminated. Secondly, to ensure the clarity of the strain origin and to minimize disruption of previous prototype notification, priority was given to the sequences with full information, but previous noted prototype strains 12 were also taken into consideration at the same time.
Thirdly, if there was no sequence with complete information, priority was given to the prototype strain(s), if prototype strain(s) was/ were noted. Fourthly, if no sequence was available with complete information or noted as prototype strain for a subtype, or more than one sequences were available for a subtype, priority was firstly given to the sequence with earlier collection date, then to the sequence earlier submitted to GenBank. If the collection or submission dates were identical, the sequence with lowest alphabetic/numeric accession number was proposed.
Finally, 21 full-length genome sequences were proposed as the references for eighteen HDV subtypes ( This is because HDV genotype 1 showed more introgenotypic divergence than other genotypes. As for 1a, a strain of ETH2170 (accession no. KY463677) collected in 2013 was noted as the prototype strain of genotype 1. 12 However, another 1a strain named 36011-NIE1150 (accession no. JX888100) was collected in 2006, which was earlier than the prototype strain. Thus, both strains were proposed as the reference sequences of 1a. For 1b, 141 full-length genome sequences were available to date. Because it was previously further classified as three subtypes, 12 thus three sequences were proposed to these three previously assigned subtypes. Notably, all the proposed reference sequences were RNA form and only a few of them have collection date available.
| D ISCUSS I ON
With the introduction of HBV vaccine, although the prevalence of HDV has declined in some sporadic areas, the global prevalence Previous studies have demonstrated that HDV homologous recombination may occur both in nature (patient with mixed infection) and the laboratory (cotransfection in cell culture system). [25] [26] [27] Through phylogenetic and Bootscaning analysis, we confirmed two previous reported recombinants and identified 31 new potential recombinants. The two recombinants, one intra-genotypic recombination (AB118845, 4a/4b) 20 and the other inter-genotypic recombination (KF660598, 2a/1b), 19 have the same recombination pattern with only one crossover. However, the other 31 newly identified recombinants have another predominant pattern with two crossovers.
The formation of different recombination patterns may be associated with the distinct replication mechanisms of HDV genome. [27] [28] [29] Recombination events were detected among several genotypes, but more frequent in genotype 1 and 5. For genotype 1, it may be explained by its global distribution (Figure 3 ). 12 Although genotype 5 is mainly present in Western Africa, the high recombination frequency may be associated with the intergenotypic evolutional relationship and the African origin. 12, 30 Analysis of the recombination junctions has indicated that recombination events occurred at four regions throughout the whole genome. Among these regions, nt 694-872 at genomic RNA corresponding to nt 807-985 at antigenomic RNA is the hotspot of HDV RNA recombination. This genome region serves as the pseudoknot ribozyme domain of HDV genome. 
TA B L E 1 Reference sequences for hepatitis delta virus subtypes
It is identical with the hotspot fragment "D" previously shown in the HDV-1/HDV-4 recombination map. 28 A model has been proposed to illustrate the mechanism of HDV recombination, which is via a viral-RNA-structure-promoted template-switching mechanism driven by the host RNA polymerase, 28 although further validation is required.
For molecular classification of HDV, eight clades have been proposed a decade ago, but recently designated as eight genotypes. 12 In contrast, a latest study has proposed to group the eight HDV genotypes into three large genogroups by grouping clade 2
and clade 4-6 as one. 11 In our study, we have applied the ML and NJ models to reconstruct phylogenetic trees based on standardized full-length antigenomic sequences excluding the potential recombinants. Indeed, all the HDV strains were clustered as three big clades, but further grouped into eight groups with high bootstrap value support. Even though the three big clades shared some characteristics as described, three genotype classification has neglected HDV genotypic divergence. Besides, this classification system only divided HDV strains as genotype, but not further into subtypes. Thus, we agree with the classification system of eight genotypes. 12 However, the subtype classification of genotype 1, 3 and 6 in our system showed clear differences, compared to the previous study. 12 We grouped genotype 1 into two subtypes, 1a
and 1b. Because the previously classified strains of the HDV-1b, HDV-1c and HDV-1d subtypes 12 do not always cluster as independent groups but rather as one big branch supported by over 70%
Bootstrap value in our trees (Figures 1 and S3 ). Genotype 3 was segregated into 3a, 3b and 3c three subtypes by including more sequences; whereas this was not clear in the previous study due to the lacking of sufficient sequences. 12 We classified genotype 6 into three subtypes; whereas only two were previously defined. Among these eight genotypes, genotype 1 is the most predominant with highest divergence. This may be resulted from prolonged wide-spread transmission (Figure 3 ). 12 Genotype 3 is located close to the root of phylogenetic tree, showing distantly nucleotide similarity and genetic distance with other genotypes.
Given that genotype 3 was only found in South America (Figure 3) , it is plausible whether this genotype is an independent lineage or the early HDV progenitor. The exact evolutional relationship between genotype 3 and other genotypes requires further investigate. However, the current genetic data are still insufficient to address this question ( Figure 3) . 5, 7 Importantly, based on our phy- 
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